The collagen triple helix is characterized by the repeating sequence motif Gly-Xaa-Yaa, where Xaa and Yaa are typically proline and (2S,4R)-4-hydroxyproline (4(R)Hyp), respectively. Previous analyses have revealed that H-(Pro-4(R)Hyp-Gly) 10 -OH forms a stable triple helix, whereas H-(4(R)Hyp-Pro-Gly) 10 -OH does not. Several theories have been put forth to explain the importance of proline puckering and conformation in triple helix formation; however, the details of how they affect triple helix stability are unknown. Underscoring this, we recently demonstrated that the polypeptide Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 forms a triple helix that is more stable than Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 . Here we report the crystal structure of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH peptide at 1.55 Å resolution. The puckering of the Yaa position 4(R)Hyp in this structure is up (C␥ exo), as has been found in other collagen peptide structures. Notably, however, the 4(R)Hyp in the Xaa position also takes the up pucker, which is distinct from all other collagen structures. Regardless of the notable difference in the Xaa proline puckering, our structure still adopts a 7/2 superhelical symmetry similar to that observed in other collagen structures. Thus, the basis for the observed differences in the thermodynamic data of the triple helix7 coil transition between our peptide and other triple helical peptides likely results from contributions from the unfolded state. Indeed, the unfolded state of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH peptide seems to be stabilized by a preformed polyproline II helix in each strand, which could be explained by the presence of a unique repeating intra-strand water-mediated bridge observed in the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH structure, as well as a higher amount of trans peptide bonds.
Collagen is the most abundant protein as well as the major structural protein in animals. Twenty-seven types of collagens and more than 15 proteins that adopt a collagen-like structure, such as collectins, ficolins, and scavenger receptors, occur in humans (1) . Collagen has a very characteristic amino acid sequence in which a glycine residue appears every third position, forming the triplet repeat Gly-Xaa-Yaa. Collagen also has a high imino acid content (ϳ20%) and typically contains proline and (2S,4R)-4-hydroxyproline (4(R)Hyp) 1 in the Xaa and Yaa positions, respectively. These characteristic sequence constraints lead to the formation of a very unique triple helical structure. Specifically, each of the three polypeptide chains forms a polyproline II-like left-handed structure, and these structures twist around each other to form a loose right-handed superhelix. A glycine residue is required every third residue because the compact triple helix places every third residue near the superhelical central axis. Proline residues, in the Xaa and Yaa positions, place additional restraints on the collagen structure important for triple helix formation. In addition, one of the characteristics of collagen is the ratio of posttranslationally modified prolines. For example, in vertebrates, prolines in the Yaa position are found to be almost completely modified to 4(R)Hyp. The enzyme that catalyzes this reaction is prolyl 4-hydroxylases (EC 1.14.11.2) (2, 3). Prolines are typically found in the Xaa position, although some are partially modified to (2S,3S)-3-hydroxyproline. In invertebrates, more complex posttranslational modifications occur in collagens. For instance, in annelid cuticle collagen, 4(R)Hyp residues are found in both the Xaa and Yaa positions, and galactosylated threonine residues are also observed in the Yaa position (4, 5) . The variety of posttranslational modifications observed in collagen may function in the regulation of the supramolecular assembly of collagen and its affinity for other molecules.
Vast amounts of data have been obtained on the collagen structure and stability using polypeptides as model systems (6 -8) . High-resolution crystal structures of collagen peptides have been determined including several Gly-Pro-Pro and GlyPro-4(R)Hyp peptide structures as well as a peptide with a Gly-Ala mutation, the biologically relevant (Pro-Hyp-Gly) 3 -IleThr-Gly-Ala-Arg-Gly-Leu-Ala-Gly-Pro-Hyp-Gly-(Pro-Hyp-Gly) 3 peptide, and the charged peptide (Pro-Hyp-Gly) 4 -Glu-LysGly-(Pro-Hyp-Gly) 5 (9 -17) . These structures, when combined with stability studies, have provided a detailed view of amino acid propensities for the collagen triple helix. Importantly, thermal stability studies have revealed that the content of 4(R)Hyp in the Yaa position is related to the melting temperature (T m ) of collagens (18, 19) , and the T m of dispersed collagen molecules at very low concentration is a few degrees * This work was supported by a grant from Shriners Hospital for Children and Burroughs Wellcome Career Development Award 992863 (to M. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The lower than the body temperature of the species from which the collagen was isolated (20) .
Thermal stability studies have demonstrated that whereas H-(Pro-Pro-Gly) 10 -OH and H-(Pro-4(R)Hyp-Gly) 10 -OH form stable triple helices in aqueous solution, H-(4(R)Hyp-ProGly) 10 -OH, H-(4(S)Hyp-Pro-Gly) 10 -OH, and H-(Pro-4(S)HypGly-) 10 -OH do not (21, 22) . Thus, these studies clearly suggest that proline conformation and modification play a decisive role in the collagen structure and stability. To address these issues, recent quantum mechanical ab initio calculations have been carried out to elucidate the specific roles of stereoelectronic effects, ring pucker, cis/trans stabilization, and / dihedral angles in proline and hydroxyproline residues and the effect of these parameters on the formation of the collagen triple helix (23) (24) (25) (26) . These studies determined that electronegative 4(S) and 4(R) substituents on proline residues favor down ring and up ring puckering, respectively. In addition, the up-puckering conformation (e.g. in 4(R)Hyp) favors smaller values of backbone / dihedral angles compared with down puckering (e.g. Pro), which can adopt a larger range of backbone / dihedral angles. 4(R)Hyp residues also favor the trans peptide conformation because electron-withdrawing substituents on the 4 position of proline alter the pyramidylization of the bond, increasing the sp 3 character of the prolyl nitrogen atom, which thereby alters the rate of prolyl peptide bond isomerization. The presence of the hydroxyl in 4(R)Hyp in the Yaa position strongly stabilizes the collagen structure, and this is thought to be attributed not to water bridges but to inductive effects (27, 28) . When combined with recent high-resolution structural data, these studies suggest that collagen stability is linked to the interplay between the pyrrolidine ring pucker, / dihedral angles, and the cis/trans conformation. Importantly, these data indicate that down pucker is preferred in the Xaa positions and that up pucker is preferred in the Yaa positions. Up-puckered residues favor smaller values of / dihedral angles in contrast to down-puckered prolines, and the trans conformation is favored by the presence of a electron-withdrawing substituent on the 4 position of proline (23) (24) (25) .
Interestingly, despite these studies, we have found that the existence of 4(R)Hyp, which strongly favors the up-puckered conformation, in the Xaa position does not prevent the formation of a triple helix. Specifically, we have demonstrated that when the Yaa position is not Pro, acetyl-(Gly-4(R)Hyp-Yaa) 10 -NH 2 peptides form a stable triple helix (29 -31) . Peptides with threonine and valine in the Yaa position form a very stable triple helix in water, and peptides with threonine, valine, allo-threonine, alanine, and serine in the Yaa position form a triple helix in propanediol (31) . However, more remarkably, we recently found that the peptide Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 , which has a 4(R)Hyp in both the Xaa and Yaa positions, forms a stable triple helix, whereas Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 does not (30, 32) . Calorimetric studies have shown that the transition enthalpy of the trimer of the peptide Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 is significantly smaller than that of Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 (30) . The amide proton exchange experiment suggested that the triple helical structure of Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 appears to fluctuate more than that of the Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 peptide (30) . These studies showed distinct thermodynamics of folding for the Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 peptide compared with the Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 peptide that indicated that these two peptides might have distinct unfolded states (30) .
The current high-resolution structures of triple helical peptides have shown that the conformation of proline in the Xaa position is C␥ endo (puckering down) and that of the proline (or 4(R)Hyp) in the Yaa position is C␥ exo (puckering up) (10, 11, 16, 33) . This positional preference of proline puckering is generally true, but in some peptides exceptions occur in a limited number of residues (10, 15, 17, 34) . It has been suggested that the interaction with neighboring triple helices may affect proline puckering (10) . Also, each polypeptide forms a 7/1 helical structure with seven tripeptide units. The puckering of imino acids in H-(Pro-4(R)Hyp-Gly) 10 -OH was also measured by twodimensional NMR in D 2 O at 10°C. In this NMR study, the Xaa position Pro was also found to be C␥ endo (puckering down), and the Pro (Hyp) in the Yaa position was C␥ exo (puckering up) (35) . Because these studies clearly show a strong preference for down and up pucker in the Xaa and Yaa positions, we were interested in determining why Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 , which contains an up pucker preferring 4(R)Hyp in the Xaa position, can form such a stable triple helix. To determine the exact pucker of the Xaa residues in this peptide and to provide insight into how it forms such a stable triple helix and what might explain its different folding thermodynamics, we determined the crystal structure of the peptide H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH to 1.55 Å resolution. Surprisingly, our structure clearly reveals that the 4(R)Hyp residues in the Xaa position adopt an up pucker conformation. The / dihedral angles of the Gly and Xaa residues are similar to those observed in other peptides. However, the / values for the Xaa up-puckered 4(R)Hyp residues ( ϭ Ϫ70.5°and ϭ 161.3°) are slightly energetically unfavorable for the up or C␥ exo proline conformation ( ϭ Ϫ63.1°and ϭ 146.3°for 4(R)Hyp), when compared by quantum mechanical calculations (26) . The 4(R)Hyp residues in the Yaa positions, although up-puckered, also adopt slightly unfavorable / dihedral angles ( ϭ Ϫ66.2°a nd ϭ 156.4°). Despite these distinctions between our structure and other collagen peptides, the overall triple helix of our peptide conforms to 7/2 superhelix symmetry. This suggests that although the slightly unfavorable / dihedral angles for residues in the Xaa and Yaa positions may play a minor role in the collagen folding stability, the altered thermodynamic data for folding that we observe are most likely attributable to differences in the unfolded states of our peptide versus Gly-ProPro-and Gly-Pro-4(R)Hyp-containing peptides. In fact, the data indicate that the unfolded state of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH peptide contains significant polyproline II structure rather than being denatured as observed for the other peptides (30) . Interestingly, our structure reveals that this may result from the presence of a repeating intra-strand watermediated bridge. This water links the 4(R)Hyp hydroxyl in the Xaa position and the carbonyl oxygen of the 4(R)Hyp residue in the YaaϪ1 position (located one repeat NH 2 -terminal to the Xaa 4(R)Hyp). This novel water linkage is formed between every YaaϪ1 and Xaa in the structure and appears to stabilize the polyproline II conformation. In addition, it was noted previously that the polyhydroxyproline II helix is more stable than the polyproline II helix (36) .
MATERIALS AND METHODS
Peptide Synthesis-Peptides were synthesized with an ABI 433A ynthesizer. Couplings were carried out on an ABI 433A synthesizer using H-O-t-Butyl-L-trans-4-hydroxyproline-2-chlorotrityl resin (AnaSpec, Inc., San Jose, CA) and Fmoc amino acids (Fmoc-Gly-OH and Fmoc-4(R)Hyp(tBu)-OH). HATU (Perseptive Biosystems) (4.0 eq.)/diisopropylethylamine mediated peptide couplings. The peptide was cleaved from the resin and purified by preparative high pressure liquid chromatography (Vydac® C18, 5 m, 300 Å, 250 ϫ 50 mm; W. R. Grace). All synthesized peptides were characterized by electrospray/quadrupole/time-of-flight mass spectrometry (Q-tof micro; Micromass) and amino acid analysis.
Crystallization and Data Collection-The purified and lyophilized peptide H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH was dissolved at a concentration of 10 mg/ml in water. The peptide was crystallized at 4°C using the hanging drop vapor diffusion method. For crystallization, 2 l of the peptide solution was mixed with 2 l of the reservoir (25% of polyeth-ylene glycol 400). Crystals with two types of morphologies, block-like and rod-like, appeared after 2 weeks. Preliminary analyses showed that only the rod-like crystals were ordered and diffracted well (to beyond 2.0 Å resolution on in-house sources). The block-like crystals diffracted to only 3.5 Å resolution, and structure determination of this crystal form was not pursued. Data collection at the synchrotron enabled us to index the full cell of the rod-like crystals as monoclinic, space group P2 1 , with a ϭ 23.23 Å, b ϭ 28.58 Å, c ϭ 80.58 Å, and ␤ ϭ 97.85°. For cryoprotection, glycerol was added to the drop to a final concentration of ϳ50%, and crystals were flash frozen in a nitrogen cryostream. Intensity data were collected at Advanced Light Source beamline 8.2.1 at 100 K, processed with MOSFLM, and scaled with SCALA (37, 38) .
Structure Determination and Refinement-The structure was solved by Molecular Replacement with EPMR (39) using the coordinates of [(Pro-Pro-Gly) 10 ] 3 (Protein Data Bank code 1K6F) truncated to [(ProPro-Gly) 9 ] 3 as a search model (9) . Two solutions were obtained, which corresponds to the crystals having a Matthews coefficient of V m of ϳ1.7 Å 3 /Da. The two solutions placed the two triple helices in a staggered parallel arrangement. The solution was optimized by rigid body refinement (40) . Multiple cycles of simulated annealing, xyzb refinement, and rebuilding in O resulted in an R work /R free of 35%/40% to 1.78 Å resolution (40, 41) . After the addition of several waters, the R work /R free converged to 33%/38%. At this point, although one triple helix fit the density well, there was significant difference in density throughout the second triple helix consistent with the reverse (N to C versus C to N) orientation. After "flipping" this second tripled helix, refinement to 1.78 Å converged to an R free of 27.1%. At this stage additional waters were added, and refinement was carried out to the limiting value of 1.55 Å.
After several rounds of refinement in CNS, the R work /R free converged to the final values of 23.5%/25.5%. Density is excellent for all residues except the ends of the triple helices, where the thermal parameters are higher. The hydroxyl moieties were observed clearly for all 4(R)Hyp residues except E4 at the very NH 2 termini of one chain. Because of the poor density, this residue was modeled as a proline. 4(R)Hyp residues A7, B22, and G16 are the only 4(R)Hyp residues that adopt down puckers. The conformations of these residues are likely affected by their close approach (3.6, 3.4, and 3.7 Å) to the hydroxyl moieties of the Xaa 4(R)Hyp residues F28, E13, and D19 on the other triple helix (1YM8). The current model has excellent stereochemistry (42) and includes all residues (residues 1-27) for each chain in each of the two triple helices and 285 water molecules (Table I) . 9 -OH Peptide-The structure of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH peptide was determined by Molecular Replacement (see "Experimental Procedures") and refined to an R free of 25.5% using all data to 1.55 Å resolution (Table I ). The asymmetric unit (ASU) consists of two triple helices, each of 80 Å in length, arranged in an anti-parallel manner (Fig. 1) . Each triple helix contains all 81 residues, or 27 Gly-4(R)Hyp-4(R)Hyp triplet repeats, arranged in three chains and 285 water molecules. The two crystallographically independent triple helices in the ASU are essentially identical as revealed by superimposition of all corresponding C␣ atoms in each triple helix, which results in a root mean square deviation of 0.30 Å. The specific quasi-hexagonal packing with two anti-parallel triple helices in this structure (Fig. 2) is similar to previously determined structures (10) .
RESULTS

Overall Structure of the H-(Gly-4(R)Hyp-4(R)Hyp)
As revealed in the composite omit 2F o Ϫ F c map, the structure fits the data well, and, importantly, the high resolution of the data permits an unequivocal determination of the proline ring puckers in the structure (Fig. 3, A and B) . As expected, the 4(R)Hyp residues in the Yaa positions all take the C␥ exo or up pucker conformation. However, unlike other collagen triple helical structures, the residues in the Xaa positions also take the C␥ exo or up pucker. Nonetheless, the (Gly-4(R)Hyp-4(R)Hyp) 9 structure adopts a superhelix 7/2 symmetry with an average helical height of 8.5 Å (compared with 8.6 Å for the idealized 7/2 helix). Thus, it appears to adopt, overall, a structure very similar to the other collagen peptide structures (9 -17) . Currently, all collagen structures with (Gly-Pro-Hyp) and (Gly-Pro-Pro) repeats, with the exception of Protein Data Bank code 1K6F (9), have been determined as average structures utilizing only the strong reflections that define a subcell. Like (Gly-Pro-Pro) 10 (Protein Data Bank code 1K6F), our structure was determined using the full cell. Superimposition of all C␣ atoms of our structure onto those of the unaveraged (Gly-ProPro) 10 structure results in a root mean square deviation of 0.38 Å, revealing their overall strong structural similarity. This demonstrates that the presence of the up-puckered conformation of 4(R)Hyp in the Xaa positions does not lead to significant overall structural changes in the collagen superhelix structure.
The role water plays in the stabilization and structure of the collagen triple helix remains controversial (28, 43, 44) . However, it seems clear that although water molecules may not play a predominant role in collagen stabilization, they do exist as an important and intrinsic feature of the triple helix in crystals (43, 45) . Consistent with this, all collagen structures to date contain a highly conserved pattern of waters whereby the glycine carbonyl oxygens are singly hydrated, and the Yaa carbonyl groups are doubly hydrated. In addition, in structures that contain a Yaa 4(R)Hyp, the hydroxyl moiety of the 4(R)Hyp appears to be double hydrated. Our structure contains these same hydration patterns. However, unlike most other collagen structures containing 4(R)Hyp Yaa residues, we do not observe any direct hydroxyl inter-helical hydrogen bonding interactions (2.7-2.8 Å). The only other collagen structure to date where 4(R)Hyp-4(R)Hyp hydrogen bonds are not present is the GlyfAla structure (17) . In the latter case, the presence of a bulge in the center of the triple helix likely does not allow the helices to come close enough to form such direct interactions. In our structure, it appears that one reason the Yaa 4(R)Hyp residues cannot form inter-triple helix 4(R)Hyp(A)-4(R)Hyp(B) hydrogen bonds is because the C␦ of the 4(R)Hyp(B) would approach too closely the now up-puckered C␥ of the Xaa 4(R)Hyp(A). As a result, the closest direct interhelical interaction between the Yaa 4(R)Hyp hydroxyls is 3.6 Å. The hydroxyl moieties of the Xaa 4(R)Hyp residues also do not form direct inter-helical hydrogen bonds. However, the hy- droxyl groups of several of these residues come within 3.6 Å of adjacent Xaa 4(R)Hyp hydroxyl groups. Thus, the presence of the up-puckered Xaa residues leads to different inter-triple helix interactions, distinct from those observed in Gly-Pro-Pro and Gly-Pro-4(R)Hyp peptide crystal structures. It has been suggested that the presence of direct Yaa 4(R)Hyp-Yaa 4(R)Hyp hydrogen bonds between hydroxyl groups indicates that they may play a role in the correct axial registration of helices (14 -16) . However, this has not been established, and the exact role played by the Yaa 4(R)Hyp residue hydroxyl groups in collagen stability is still uncertain.
Ring Puckering and / Values-The average / dihedral angles for the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH structure and for the collagen peptide structures that have been determined thus far are shown in Table II . For our H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH structure, the average / values are respectively Ϫ73.1°/175.6°for Gly residues, Ϫ70.5°/161.3°for 4(R)Hyp residues in the Xaa positions, and Ϫ66.2°/156.4°for 4(R)Hyp residues in the Yaa positions. The / angles for the Gly residues are essentially the same as those observed for other collagen triple helix peptide structures and are consistent with values expected for idealized 7/2 collagen helices (Table II  and residues in the Yaa positions of collagen peptide structures and the ideal 7/2 structure (Table II and III) .
Interestingly, quantum mechanical ab initio studies have found that up-puckered prolines favor smaller values of backbone dihedral angles with values typically ϷϪ60°and values ranging from 149.8°to 153.3°. The observed / values of Ϫ70.5°/161.3°for 4(R)Hyp residues in the Xaa positions and Ϫ66.2°/156.4°for 4(R)Hyp residues in the Yaa positions, both of which are clearly up-puckered, are, therefore, not energetically optimal and may affect the triple helix stability of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH structure (see "Discussion"). The different / values observed for the Yaa residues may result from slight adjustments the 4(R)Hyp proline ring must make to prevent its steric clash with the Xaa up-puckered 4(R)Hyp proline ring on the adjacent chain. The / dihedral angles of the Xaa residues appear to be restricted to values that allow for the optimal interchain hydrogen bonds that are the signature of the collagen triple helix structure. This is supported by the fact that the / angles of the Xaa 4(R)Hyp residues are highly similar to those found in other triple helix structures. Thus, these hydrogen bonds, between the glycine amide NH located one residue COOH-terminal to it on the adjacent chain, appear to be tightly restricted with obvious distance and angle requirements that are necessary for the precise formation of the triple helix structure. Indeed, examination of the structure reveals that alteration of the / values (especially values) of the Xaa positions to smaller values results in the slight translocation of the carbonyl oxygen away from the center of the collagen triple helix and thus away from the amide glycine nitrogen. Shown in Table IV are the average lengths and angles for the GlyNH⅐⅐⅐OCXaa interchain hydrogen bonds for the collagen structures solved to date. As can be seen, the hydrogen bond distances observed in these structures are all clustered in a very restricted range (2.88 -3.01 Å). Likewise, the hydrogen bond angles exist in the narrow range between 164°and 169°.
Structural Insight into Gly-Hyp-Hyp Polyproline II Helix Stabilization-In our recent study, we not only found that Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 forms a triple helix that is more stable than Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 , but we also demonstrated that the thermally denatured state of Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 is experimentally not very accessible (30) . From these data, it was hypothesized that the "denatured state" of the Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 peptide forms a polyproline II-like structure instead of a random coil (30) . However, these two peptides only differ in the presence of a hydroxyl group on the proline in the Xaa position. Therefore, how can we explain such a large difference in unfolded states? Perhaps some insight can be gleaned from the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH structure. Specifically, one very important conserved feature of the 4(R)Hyp residues in the Xaa positions is that they all participate in an extended water-mediated intrachain hydrogen bond network. This network links, via a water molecule (or in some cases, two water molecules), the Xaa 4(R)Hyp residue side chain hydroxyls to the carbonyl oxygens of the Yaa residue located one repeat NH 2 -terminal (Fig. 4) . Thus, these water-mediated hydrogen bonds appear to precisely lock each individual chain into a polyproline II structure, at least in the observed structure determined at 100 K.
DISCUSSION
Our previous studies had demonstrated the unexpected result that the Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 peptide is more stable than the Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 peptide when evaluated by T m (30) . Specifically, the unfolding of Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 measured by CD and differential scanning calorimetry shows that the thermal transition is broader for the Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 peptide than that of Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 . This is consistent with the smaller enthalpy change observed by CD and differential scanning calorimetry for the transition of Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 . However, the smaller enthalpy change is compensated by a smaller entropy change, giving the higher T m for Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2. The observed magnitude of the difference in the enthalpy and entropy changes could be explained if the two denatured states of these polypeptides are a In POG and PPG, P ϭ proline, O ϭ 4(R)Hyp, and G ϭ glycine; for a complete description of the collagen designation, see the reference cited. The designations L and R refer to the temperature at which the data was collected (L ϭ100 K; R ϭ room temperature). very different. Interestingly, the CD data indicate that the Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 peptide does not change conformation dramatically when going to the monomeric, nontriple helical state (30) . Thus, these studies suggested that the Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 peptide adopts a polyproline II-like structure instead of a random coil in its "denatured state." To gain insight into why Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 forms such a stable triple helix and what might explain its different folding thermodynamics and to determine the exact puckering conformation for the Xaa of a polypeptide containing (R)Hyp in all its Xaa positions, we determined the crystal structure of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH peptide. Our structure shows that almost all 4(R)Hyp residues in the Xaa position take the up pucker conformation. The / dihedral angles of these residues are similar to those observed in residues in the Xaa positions of other peptides but are slightly energetically unfavorable for up-puckered proline residues. The 4(R)Hyp residues in the Yaa positions, although up-puckered similarly to residues in the Yaa positions of all other collagen structures, also adopt slightly unfavorable / dihedral angles. However, these dihedral angles appear important in the formation of a collagen triple helix. Despite these differences between our structure and other collagen peptides, the overall triple helix of our peptide conforms to 7/2 superhelix symmetry. This suggests that, although the slightly unfavorable / dihedral angles for residues in the Xaa and Yaa positions may play a minor role, the altered thermodynamic data for folding are most likely attributable to differences in the unfolded states of our peptide versus Gly-Pro-Pro and GlyPro-Hyp peptides, which all have predominantly down-puckered residues in their Xaa positions. In fact, a distinction between the unfolded state of the H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH peptide compared with the other peptides seemed to be the stabilization of the polyproline II helix in each strand. Interestingly, our structure reveals that this may result from the presence of a unique repeating intra-strand water-mediated bridge linking the Hyp in the Xaa position and the carbonyl oxygen of the 4(R)Hyp residue in the YAA-1 position of the same strand. The geometric restraints imposed by this novel water linkage likely favor the formation of the polyproline II conformation. Further investigations will have to show whether this mechanism of stabilization also occurs in solution. 4(R)Hyp residues in the Xaa position are mostly observed in invertebrates. However, collagen has been used widely in tissue engineering. For such purposes, the regulation of triple helix stability is critical; therefore, the added stability provided by H-(Gly-4(R)Hyp-4(R)Hyp) 9 -OH may prove useful. 4 . Xaa 4(R)Hyp-specific intra-chain water network. Shown is the intra-chain water network in which the hydroxyl moieties of the Xaa 4(R)Hyp residues hydrogen bond to a water molecule that is also hydrogen bonded to the carbonyl oxygen of the Yaa 4(R)Hyp residue located one triplet NH 2 -terminal to the Xaa 4(R)Hyp. Shown in the figure is the central region of one collagen chain, which is colored blue, and the water molecules, which are colored red. Also labeled X are the Xaa 4(R)Hyp residues and the NH 2 and COOH termini. This figure was made with RasMol (46) .
